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We theoretically study the electronic transport through a ferromagnet-Ising superconductor junc-
tion. A tight-binding Hamiltonian describing the Ising superconductor is presented. Then by
combing the non-equilibrium Green’s function method, the expressions of Andreev reflection coef-
ficient and conductance are obtained. A strong magnetoanisotropic spin-triplet Andreev reflection
is shown, and the magnetoanisotropic period is π instead of 2π as in the conventional magne-
toanisotropic system. We demonstrate a significant increase of the spin-triplet Andreev reflection
for the single-band Ising superconductor. Furthermore, the dependence of the Andreev reflection
on the incident energy and incident angle are also investigated. A complete Andreev reflection can
occur when the incident energy is equal to the superconductor gap, regardless of the Fermi energy
(spin polarization) of the ferromagnet. For the suitable oblique incidence, the spin-triplet Andreev
reflection can be strongly enhanced. In addition, the conductance spectroscopies of both zero bias
and finite bias are studied, and the influence of gate voltage, exchange energy, and spin-orbit cou-
pling on the conductance spectroscopy are discussed in detail. The conductance reveals a strong
magnetoanisotropy with period π as the Andreev reflection coefficient. When the magnetization
direction is parallel to the junction plane, a large conductance peak always emerges at the super-
conductor gap. This work offers a comprehensive and systematic study of the spin-triplet Andreev
reflection, and has underlying application of π-periodic spin valve in spintronics.
PACS numbers:
I. INTRODUCTION
Ferromagnetism and superconductivity are mutually
exclusive types of phases, but the interplay between
them can lead to a variety of interesting phenomena.1–3
The development in nanofabrication and material growth
technologies makes it possible to fabricate various kinds
of hybrid mesoscopic structures, and the ferromagnet-
superconductor junctions have received widespread at-
tention over the past few decades,4–8 both for its fun-
damental physics and potential applications. Andreev
reflection occurs in the conductor-superconductor inter-
face, where the incident electron from the conductor is
reflected back as a hole and a Cooper-pair is injected into
the superconductor.9–14 When the applied bias is less
than the superconducting gap, the conductance of the
conductor-superconductor junction is mainly determined
by the Andreev reflection.10,11 For the ferromagnet-
superconductor junction, it is revealed that the Andreev
reflection is strongly affected by the spin polarization
of the ferromagnet lead.4 In particular, when the ferro-
magnet is completely spin-polarized, the Andreev reflec-
tion vanishes and the conductance becomes zero when
the applied voltage is smaller than the superconducting
gap. This is because the Cooper pairs are formed by
electrons from different spin sub-bands, which usually
have different density of states near the Fermi surface at
the ferromagnet. Especially, when the ferromagnet be-
comes completely spin-polarized, the Andreev reflection
is completely suppressed due to the presence of only one
spin sub-band near the Fermi surface. Thus, it is possi-
ble to extract the information about spin polarization of
ferromagnets from the differential Andreev conductance,
which have been verified in many experiments.15,16
However, there are some experiments indicating
nonzero Andreev reflection even when the ferromagnet is
completely spin-polarized.17,18 This can be attributed to
the inhomogeneous magnetization or spin-flip mechanism
of the junction.19–21 Recently, many efforts have been
devoted to study the Andreev reflection in ferromagnet-
superconductor junction with interfacial Rashba spin-
orbit coupling.22–25 In hybrid systems with distinct elec-
tronic structures and breaking space inversion symmetry,
Rashba spin-orbital field can be induced at the interface
of the junction.26–28 In the presence of the interfacial
spin-orbital field, spin-triplet Andreev reflection occurs
between the ferromagnet and the superconductor, where
the incident electrons and the reflected holes come from
the same spin sub-band. This spin-triplet Andreev re-
flection is strongly dependent on the direction of the fer-
romagnet polarization. Some authors have proposed to
use the Andreev reflection spectroscopy for probing of
the interfacial spin-orbital field, with the effects of both
s- and d-wave pairings being considered.24,25
Recently, another kind of Cooper pairing, called
Ising pairing, has been found in the experiments.29–32
This unconventional pairing arises from strong intrinsic
spin-orbit interaction and non-centrosymmetry in two-
dimensional transition metal dichalcogenides (TMDs),
which leads to an effective Zeeman field that points in
the opposite directions at different valleys. The observa-
2tion of a large in-plane critical field and the enhancement
of the Pauli paramagnetic limit originate from the inter-
valley pairing protected by spin-momentum locking.30,31
The Ising spin-orbit coupling can also induce spin-triplet
pairing in the in-plane directions, which may be detected
by the conductance spectroscopy of a half-metal/Ising
superconductor junction.33–35 More recently, some theo-
retical works indicate a rich phase diagram of unconven-
tional superconductivity in bilayer TMDs,36,37 and the
effect of disorder on the upper critical field have also be-
ing investigated.38
In this paper, by combing the tight-binding model with
the non-equilibrium Green’s function method, we inves-
tigate the Andreev reflection in ferromagnet-Ising super-
conductor junctions. A recent work has devoted to the
charge conductance of the half-metal/Ising superconduc-
tor junctions. They mention that the Andreev reflection
can occur in one spin sub-band due to the triplet pairing
correlations.35 Here we systematically study the quantum
transport through the ferromagnet-Ising superconductor
junctions. The results show that the spin-triplet Andreev
reflection is strong magnetoanisotropy and the magne-
toanisotropic period is π instead of 2π as in the con-
ventional magnetoanisotropic system. We demonstrate
a significant increase of the spin-triplet Andreev reflec-
tion when the Fermi energy is located between the spin-
up and spin-down sub-bands in the normal phase of the
Ising superconductor. When the incident energy is equal
to the superconductor gap, a complete Andreev reflec-
tion can occur regardless of the spin polarization P of
the ferromagnet. For the suitable oblique incident case,
the spin-triplet Andreev reflection can be strongly en-
hanced. The conductance spectroscopies of both zero
bias and finite bias are studied in detail, and the influ-
ence of gate voltage, exchange energy, and spin-orbit cou-
pling on the conductance spectroscopy are also discussed.
A strong magnetoanisotropy with period π is shown in
the conductance spectroscopy, and a large conductance
peak always emerges at the superconductor gap when
the magnetization direction is parallel to the plane of the
ferromagnet-Ising superconductor junction.
The rest of this paper is organized as follows. We will
start in Sec. II by demonstrating the Hamiltonian of the
ferromagnet-Ising superconductor junctions and showing
the corresponding band structures. In Sec. III, we calcu-
late the Andreev reflection coefficient, studying its depen-
dence on the incident energy, Fermi energy of the Ising
superconductor, the transverse wave vector (the oblique
incident case), and show the magnetoanisotropic proper-
ties. In Sec. IV, the conductance spectra are presented
and the influences of both exchange energy and spin-orbit
coupling are investigated. Finally, a brief summary is
presented in Sec. V.
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FIG. 1: (Color online) (a) Schematic illustration and lattice
diagram of the ferromagnet-Ising superconductor junction. θ
is the angle between the magnetization vector m and the z
axis. The system is assumed periodic along the y direction
and the blue box shows the unit cell. The nearest-neighbor
distance of the hexagonal lattice is set to be a. (b) Energy
bands of the TMDs at the normal phase case while ky = 0.
Red lines denote the energy bands of spin-up electrons, while
the dashed blue lines are the spin-down bands. (c) Energy
bands of the ferromagnet near the Fermi surface EF = 0,
in which the spin degeneracy of the spin-up and spin-down
bands is removed. (d) Zoom-in figure of the energy bands of
the dotted box in (b). The black solid and dot lines schemat-
ically show the positions of Fermi energy for the single-band
and double-bands Ising superconductors, respectively. (e) En-
ergy bands of the Ising superconducting phase. The relevant
parameters are ∆ = 1meV , ǫ = β = −1eV , t = −3eV ,
βs = −2meV , m = 30meV , and EL = ER = 0.
II. MODEL AND FORMALISM
In this section, the model Hamiltonian and the cor-
responding band structures are demonstrated. We con-
sider the system consisting of a ferromagnet coupled to
a Ising superconductor lead [as shown in Fig.1(a)] with
the Hamiltonian
H = HIS +HF +HC , (1)
where HIS , HF and HC are the Hamiltonians of the
Ising superconductor, the ferromagnet, and the coupling
between them, respectively. When the Ising supercon-
ductor is in the normal phase, the broken sublattice
symmetry and spin-orbit coupling give rise to an oppo-
site spin sub-band splits at the K and K’ valleys. At
the K valley, spin-up band has lower energy than the
spin-down band, but it is the opposite at the K’ val-
ley, that is, the spin-down band is lower [as shown in
Fig.1(d)].29–31,35,39 Therefore, we describe the Ising su-
perconductor lead by using the following hexagonal lat-
3tice tight-binding Hamiltonian HIS
HIS =
∑
iσ
(ǫ− ER + λiβ)b
†
iσbiσ +
∑
〈ij〉σ
tb†iσbjσ
+
∑
〈〈ij〉〉σσ′
iβsνijs
z
σσ′
b†iσbjσ′ +
∑
i
∆b†i↑b
†
i↓ +H.c., (2)
where biσ and b
†
iσ are the annihilation and creation op-
erators at the discrete site i = (ix, iy) of the Ising su-
perconductor lead, with σ =↑, ↓ denoting the electron’s
spin. ǫ − ER is the on-site energy, which can be modu-
lated through the gate voltage in experiments. β repre-
sents the energy difference between A-B sublattice with
λi = ±1 for A (B) sublattice. The second term is the
nearest-neighbor hopping term, and t is the hopping en-
ergy. The third term is the spin-orbit interaction which
connects second nearest neighbor. The same term also
appears in the seminal work of the quantum spin Hall
effect in graphene.40–43 sz is a Pauli matrix represent-
ing the electron’s spin and νij = −νji = ±1 depending
on the orientation of the two site i to j. The spin-orbit
coupling strength βs is usually very small comparing to
t. The fourth term in Eq.(2) describes the superconduc-
tivity and ∆ is the superconducting gap. Recent exper-
iments show that the transition temperature in super-
conducting TMDs is about 2 ∼ 10K.29–31 Hence, it’s
reasonable to set ∆ = 1 meV as the energy unit in the
numerical calculation.
For the ferromagnet lead, a magnetization vectorm is
considered and the Hamiltonian HF can be written as
HF =
∑
iσ
(ǫ− EL + λiβ)a
†
iσaiσ +
∑
〈ij〉σ
ta†iσajσ
+
∑
iσσ′
(m · σ)σσ′ a
†
iσaiσ′ , (3)
where aiσ and a
†
iσ are the annihilation and creation op-
erators at the discrete site i of the ferromagnet lead. The
first two terms are almost the same as those in HIS [see
Eq.(2)] except for EL, which can be adjusted indepen-
dently through the gate voltage in the left side. Here we
have assumed that the ferromagnet lead is a hexagonal
lattice model as the Ising superconductor. The results are
similar for a square lattice model. m = m(sin θ, 0, cos θ)
in the third term is the magnetization vector in the fer-
romagnet lead, where m is the exchange energy and θ
is the angle between m and the z axis. The orientation
of m can be continuously changed by applying a small
magnetic field,44 while the Ising superconductor remains
unchanged due to the Meissner effect.
The Hamiltonian Hc of the coupling between the fer-
romagnet lead and Ising superconductor is
HT =
∑
ijσ
tca
†
iσbjσ + h.c., (4)
where tc is the coupling strength. Here, we assume that
the couplings are only between the outermost layers of
the left and right leads [as shown in Fig.1(a)], and set
tc = t for convenience of calculations.
Here we consider that the system width in the y di-
rection is very large and the periodic boundary condi-
tion is adopted. By applying the Bloch theorem along
y-direction and introducing the corresponding wave vec-
tor ky, the Hamiltonian in Eq.(1) can be rewritten as
H =
∑
ky
H(ky), where H(ky) is the one-dimensional
Hamiltonian for a given ky. Thus, by calculating the
transmission coefficients of each H(ky) and summing
them up, we can construct the transport properties of
the whole two-dimensional system. Here, we choose each
unit cell containing four atoms in y-direction as illus-
trated in the blue box in Fig.1(a), hence the Brillouin
zone is one half smaller than the usual Brillouin zone of
graphene.45–47 In Fig.1(b), we plot the energy bands of
the TMDs in the normal phase [corresponding to HIS in
Eq.(2) with ∆ = 0] at ky = 0. We mainly consider the
electrons transport near the Fermi surface, and the four
lower energy bands can be ignored, as they are much be-
low the Fermi energy EF = 0. In Fig.1(d), the zoom-in
figure of the energy bands near the K and K’ points in
Fig.1(b) are presented. The spin-orbit coupling can be
viewed as an effective magnetic field B that points in the
opposite directions at the K and K’ points. At K point,
spin up electrons have lower energy while at K’ point the
other way around. These energy bands are agreement
with the Ising superconductor in the normal case,29,35
which means that the tight-binding Hamiltonian HIS in
Eq.(2) does well describe the Ising superconductor. Ex-
periments indicate that the energy interval between spin-
up and spin-down sub-bands is about 10 ∼ 20 meV,29–31
and we set this energy interval to be 20∆ in the calcula-
tion below [see Fig.1(d)]. On the other hand, the energy
bands of the ferromagnet lead are displayed in Fig.1(c).
The spin degeneracy of the spin-up and spin-down sub-
bands is lifted, and the magnetization vector m induces
a Zeeman-type field that points in the same direction at
both K and K’ valleys. Note that in Fig.1(c) the Fermi
energy EF = 0 is located in the middle of the spin-up
and spin-down sub-bands. Owing to the absence of the
spin-up sub-band near the Fermi surface, the spin polar-
ization P = |
ρ↑−ρ↓
ρ↑+ρ↓
| is 1 at EF , where ρ↑(↓) is the density
of states of spin-up (down) electrons. In this case, the fer-
romagnet is completely spin-polarized and the ordinary
Andreev reflection is completely suppressed. Once the
Fermi energy EF is shifted inside the spin-up sub-bands,
the polarization P quickly drops to zero. This is because
the density of states for parabolic dispersion relation in
two dimension is a constant, irrespective of the Fermi
wavelength. Fig.1(e) demonstrates the energy bands of
the TMDs in the superconducting phase, where the Ising
pairing is created between the opposite spin sub-bands at
K and K’ valleys. When the Fermi surface is located in
the middle of the spin-up and spin-down sub-bands of K
(K’) valley, only a single band at each valley participates
in the paring process. In general, at each valley, both
two spin sub-bands will participate in the paring process.
4Below, we will study both double-bands and single-band
Ising superconductivities. Experimentally, by tuning the
Fermi surface of the TMDs through the gate voltage,
the Ising superconductor can be either double-bands or
single-band. In addition, even if for a double-bands Ising
superconductor, as ky increases, the corresponding en-
ergy bands of H(ky) move up, and for some certain range
of ky, the Fermi energy EF enters into the energy interval
between the spin-up and spin-down sub-bands, which is
similar to the single-band Ising superconductivity. With
these considerations in mind, we systematically investi-
gate the electronic transport through a ferromagnet-Ising
superconductor junction below.
Due to the wave vector ky being a good quantum num-
ber, H(ky) can be regarded as the Hamiltonian of a 1D
ferromagnet-Ising superconductor nanowire for a given
ky. The current flowing through the nanowire can be
calculated from the evolution of total number operator
for the electrons in the left ferromagnet lead.6,48–50
I(ky) = −e〈
d
dt
∑
ix∈F,σ
a†ix,σ(ky)aix,σ(ky)〉
=
2e
~
Re
∑
ix∈C,jx∈F
Tr
[
G<ix,jxtjx,ix
]
ee
, (5)
where a†ix,σ(ky) and aix,σ(ky) are the Flourier transfor-
mation of a†i,σ and ai,σ along y-direction. Here, ix ∈ C
and jx ∈ F represent the site index that belong to the
center region and left ferromagnet lead respectively. The
center region can be chosen arbitrarily, which will not af-
fect the final result. Note that we have expressed various
kinds of Green’s functions in a generalized 4× 4 Nambu
representation, and Tr []ee is the trace acting on the parti-
cle space. By applying the Dyson equation, G<ix,jx can be
decoupled into the product of the unperturbed Green’s
function of the ferromagnet and the Green’s function of
the center region. Therefore, the current expression can
be rewritten as
I(ky) = −
2e
~
Im
∫
dω
2π
Tr
[
GrfLΓ
L +
1
2
G<ΓL
]
ee
, (6)
where Gr(<) is the retarded (lesser) Green’s functions
in the center region and fL ≡ diag(fLe, fLe, fLh, fLh).
fLe = f(ω − eV ) and fLh = f(ω + eV ) are the Fermi
distribution functions of particles and holes of the left
ferromagnet lead, with V being the bias voltage. We
also introduce the linewidth matrices in the generalized
Nambu representation ΓL(ω) = i[ΣrL(ω)−Σ
a
L(ω)], where
Σ
r/a
L (ω) is the self energy due to the left ferromagnet
lead. By utilizing the Keldysh equationG< = GrΣ<Ga,
Gr − Ga = Gr(Σr − Σa)Ga, and the self-energies
Σ
r,a,< = Σr,a,<L + Σ
r,a,<
R , the tunneling current I(ky)
is reduced to48,49
I(ky) = IN (ky) + IA(ky), (7)
with
IN (ky) =
e
h
∫
dω [fLe − fR] Tr
[
Γ
L
ee
(
GrΓRGa
)
ee
]
,(8)
IA(ky) =
e
h
∫
dω [fLe − fLh] Tr
[
GrehΓ
L
hhG
a
heΓ
L
ee
]
,(9)
where fR = f(ω) is the Fermi distribution function of the
right Ising superconductor lead. Tr
[
Γ
L
ee
(
GrΓRGa
)
ee
]
≡
TN(ky , ω) is the normal tunneling coefficient caused by
the quasiparticle transport, and Tr
[
GrehΓ
L
hhG
a
heΓ
L
ee
]
≡
TA(ky , ω) is the Andreev reflection coefficient.
48,49 The
total current can be obtained by summing up the
contribution of each I(ky) and we finally get Itot =∑
ky
I(ky). Then, the linear conductance is given by
G = limV→0dItot/dV .
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FIG. 2: (Color online) (a) and (b) are the 2D plot of Andreev
reflection coefficient TA versus the on-site energy EL and ER,
with the incident energy ω = 0, ky = 0, θ = 0 in (a) and
θ = π/2 in (b). (c) and (d) are truncated intersector curves
of TA versus EL in (a) and (b) with ER = 25, 15, 10, 5, and
−5 respectively. (e) and (f) are truncated intersector curves
of TA versus ER in (a) and (b) with EL = 60, 35, 31, 25,
and 0 respectively. Other parameters are the same as those
in Fig.1.
5III. MAGNETOANISOTROPIC SPIN-TRIPLET
ANDREEV REFLECTION
In this section, we investigate the Andreev reflection
of the ferromagnetic-Ising superconductor junction in de-
tail. Fig.2(a) and (b) display the 2D plot of the Andreev
reflection coefficient TA(ky = 0, ω = 0) as a function
of the on-site energy EL and ER. In Fig.2(a) where
the magnetization vector m is in the out-of-plane direc-
tions with θ = 0, once the ferromagnet is completely
spin-polarized when EL is less than m = 30, TA quickly
drops to zero which means that the ordinary Andreev
reflection is completely suppressed. However, when m
is parallel to the in-plane directions with θ = π/2, TA
survives even in the complete spin-polarized region [see
Fig.2(b)], owing to the presence of the spin-triplet An-
dreev reflection. This novel Andreev reflection can be
understood as follow.51 Incident electron with its spin
pointing to in-plane directions splits up into two coherent
electronic states in spin-up and spin-down channels via
the ferromagnet-Ising superconductor interface. The two
electronic states transform into two coherent hole states
moving backward due to the Andreev reflection. The co-
herent hole states with spin-up and spin-down project
back into the hole band of the left ferromagnet lead, giv-
ing rise to the novel Andreev reflection. In this spin-
triplet Andreev reflection, both the incident electron and
backward hole are in the same spin sub-band.
To further investigate the characteristics of the An-
dreev reflection in the ferromagnet-Ising superconductor
junction, we plot the truncated intersector curves of the
Andreev reflection coefficient TA as a function of the on-
site energy EL in Fig.2(c) and (d). In Fig.2(c) where θ =
0 (magnetization vector m being perpendicular to the
plane), TA is exactly zero when EL < |m| = 30 with the
ferromagnet lead being complete spin-polarized. In this
region, the Andreev reflection completely disappears. TA
quickly rises when EL passes |m|, reaches its maximum
near EL = 40, and gradually decreases for larger EL due
to the Fermi wavelength mismatch. Because of the dou-
ble valleys and two spin degrees of freedom near the Fermi
surface, the in gap Andreev reflection coefficient is 4 for a
perfect junction. Here, TA is almost perfect for ER = 25,
and decreases as ER decreases. In particular, at the tran-
sition point of the double-bands and single-band Ising
superconductivity where ER = 10, TA approximately de-
creases by half. This is because the alternative outgoing
channels are just reduced by half from double-bands to
single-band Ising superconductivity. While in Fig.2(d)
with θ = π/2 (m being parallel to the plane), TA has a
considerable value even for the completely spin-polarized
left lead with EL < |m|, because that the spin-triplet
Andreev reflection occurs. The spin-triplet Andreev re-
flection is rather small for the double-bands Ising super-
conductor [e.g. see the curve of ER = 25 in Fig.2(d)],
and is enhanced for smaller ER. But for the single-band
Ising superconductor, the spin-triplet Andreev reflection
is dramatically enhanced [see the curves of ER ≤ 10 in
Fig.2(d)]. To better illustrate this, we also plot the trun-
cated intersector curves of TA as a function of ER in
Fig.2(e) and 2(f). For θ = 0 in Fig.2(e), TA clearly ex-
hibits a step behavior at ER = 10, and vanishes for the
completely spin-polarized ferromagnet (see the curves of
EL < |m| = 30). However, with θ = π/2 in Fig.2(f),
forming of the single-band Ising-superconductivity re-
duces the ordinary Andreev reflection by half, but mean-
while dramatically enhances the spin-triplet Andreev re-
flection. As pointed out by previous works,33–35 the Ising
superconductivity induces a spin-triplet pairing charac-
terized by correlation function d = (0, 0, dz), where
|dz(ω)| = |
2ξβ˜
[ω2−(ξ+β˜)2−∆2][ω2−(ξ−β˜)2−∆2]
|. In this expres-
sion, ξ = p
2
2m − EF is the kinetic energy measured from
the Fermi surface EF and 2β˜ is the energy interval be-
tween spin-up and spin-down sub-bands, which is about
20 for the parameters in Fig.1. |dz | corresponds to the
spin-triplet pairing with zero total spin projection, and
it’s because of the nonzero |dz| that the novel spin-triplet
Andreev reflection can occur. Detailed analysis of |dz|
with ω = 0 reveals that |dz| is maximum at ξ = −β˜ where
the single-band Ising superconductivity appears, and cu-
bic decays for large ξ. Therefore, for double-bands Ising
superconductivity with ER > β˜ ≈ 10, the spin-triplet
Andreev reflection is rather weak, but dramatically en-
hanced once ER < β˜ ≈ 10 where the single-band Ising
superconductivity is formed.
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FIG. 3: (Color online) The Andreev reflection coefficient TA
versus energy ω of incident electron for different energy EL,
with θ = 0 in (a) and θ = π/2 in (b). The parameters are
ky = 0, ER = 5, and others are the same as those in Fig.1.
To better appreciate the spin-triplet Andreev reflec-
tion, we focus on the single-band Ising superconductivity
and present the Andreev reflection coefficient TA versus
the energy ω of the incident electron, as shown in Fig.3.
In Fig.3(a) with θ = 0 (m being perpendicular to the
plane), TA undergoes a transition from a zero-bias dip to
a zero-bias peak as the energy EL decreases, and is al-
ways zero for the completely spin-polarized ferromagnet
with EL < |m| due to the absence of the spin-triplet An-
dreev reflection at θ = 0. While in Fig.3(b) with θ = π/2
(m being parallel to the plane), TA always presents a
zero-bias dip, irrespectively of the energy EL and the
spin polarization of the ferromagnet lead. We emphasize
that here the spin-triplet Andreev reflection has the same
6magnitude as the ordinary Andreev reflection, especially
near the gap edge where the incident energy ω = ∆. In
previous works, the in gap spin-triplet Andreev reflec-
tion is rather weak compared with the ordinary Andreev
reflection. Here, we find that by tuning the on-site en-
ergy ER through the gate voltage (which is equivalent
to tune the Fermi surface), the spin-triplet Andreev can
be dramatically enhanced and reaches the maximum 2 at
ω = ∆.
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FIG. 4: (Color online) The Andreev reflection coefficient TA
versus transverse wave vector ky for different energy EL, with
θ = 0 in [(a),(c)] and θ = π/2 in [(b),(d)]. The parameters
are taken to be ω = 0, ER = 5 in [(a),(b)] and ER = 15 in
[(c),(d)]. Other parameters are the same as those in Fig.1.
In the above, we study the normal incident case with
the transverse wave vector ky = 0. When ky 6= 0, the
oblique incidence occurs. In Fig.4, we present the An-
dreev reflection coefficient TA as a function of the wave
vector ky for the single-band Ising superconductor with
ER = 5 [(a) and (b)] and double-bands Ising supercon-
ductor with ER = 15 [(c) and (d)]. In Fig.4[(a),(c)] with
θ = 0, TA is always zero for the completely spin-polarized
ferromagnet with EL < |m|, regardless of the values of
ky (the normal and oblique incident cases) and ER (the
double-bands and single-band superconductors), because
that the spin-triplet Andreev reflection can not occur at
θ = 0. While EL > |m|, TA appears due to the or-
dinary Andreev reflection occurs. TA has a large value
at ky = 0. As |ky | increases, TA gradually drops, and it
quickly drops to zero once the spin polarization P = 1 for
a certain range of ky. On the other hand, as for θ = π/2
in Fig.4[(b),(d)], TA appears even for the completely spin-
polarized ferromagnet (EL < |m|), and it can also persist
in large ky due to the presence of the spin-triplet Andreev
reflection. This indicates that the Andreev conductance
can be enhanced by changing the magnetization orien-
tation of the ferromagnet. In Fig.4(b), the spin-triplet
Andreev reflection is relatively large for various ky, due
to the formation of the single-band Ising superconductiv-
ity. While in Fig. 4(d), the spin-triplet Andreev reflec-
tion is rather small for kya ∈ [−0.02, 0.02], but dramat-
ically enhanced in the regions kya ∈ [−0.05,−0.02] and
[0.02, 0.05]. This is because at critical point kya = ±0.02,
the Fermi surface starts to move into the energy inter-
val between the spin-up and spin-down sub-bands of the
Ising superconductor. This is different from the ordinary
Andreev reflection where oblique incident modes gener-
ally suppress the Andreev reflection coefficient. Here,
for the double-bands Ising superconductivity, the main
contribution of the spin-triplet Andreev reflection comes
from the oblique incident modes [see Fig.4(d)].
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FIG. 5: (Color online) Polar plot of the Andreev reflection
coefficient TA as a function of the magnetization orientation
θ. Different colours indicate different energy EL. The param-
eters are ER = 5, ky = 0, and ω = 0. Other parameters are
the same as those in Fig.1.
At the last of this section, we investigate the magne-
toanisotropy of the spin-triplet Andreev reflection. Fig.5
displays the Andreev reflection coefficient TA as a func-
tion of the magnetization orientation θ for various energy
EL. For EL much larger than |m| (e.g. EL = 35) where
the spin polarization P of the ferromagnet lead is about 0,
the Andreev reflection is nearly isotropic and TA is nearly
same for various magnetization directions. As EL de-
creases with increasing polarization P of the ferromagnet,
TA gradually reduces, meanwhile the magnetoanisotropy
of TA becomes significant, which exhibits its maximum
at θ = 0 and minimum at θ = π/2. Near the com-
pletely spin-polarized transition point (EL = |m| = 30),
TA quickly shrinks, and manifests itself as a strong mag-
netoanisotropy at the completely spin-polarized region,
where TA = 0 at θ = 0 and exhibits its maximum at
θ = π/2. Note that TA is symmetrical about θ = π/2
[TA(
pi
2 + θ) = TA(
pi
2 − θ)] and shows a π-periodic oscilla-
tion behavior [TA(θ+π) = TA(θ)]. In fact, the spin-orbit
coupling in the Ising superconductor can be viewed as a
spin-flip mechanism. At θ = 0, the spin in the z direc-
tion is conserved in the scattering process, and the lack of
spin-flip results in the absence of the spin-triplet Andreev
7reflection. For nonzero θ, sz is not a conserved quantity
anymore, and spin-flip mechanism begins to take effect.
With increasing θ from 0, the spin-flip strength increases
fist, reaches its maximum at θ = π/2, then decreases and
finally vanishes at θ = π, where sz becomes a conserved
quantity again. So the change of TA with θ is not mono-
tonic and exhibits a π-periodic oscillation.
IV. MAGNETOANISOTROPIC
CONDUCTANCE AND ANGULAR
DEPENDENCE
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FIG. 6: (Color online) (a) and (b) are the 2D plot of the
linear conductance G versus the energy EL and ER, with
magnetization direction θ = 0 in (a) and θ = π/2 in (b).
(c) and (d) are truncated intersector curves of G versus EL
in (a) and (b) with ER = 25, 15, 10, 5, and −5, respectively.
Here,W is the width of the ferromagnet-Ising superconductor
junction, and b = 3a is the width of the unit cell of the blue
box in Fig.1(a). Other parameters are the same as those in
Fig.1.
Actual experiments are mainly concerned about the
differential conductance rather than the transmission co-
efficients. So in this section, we investigate the con-
ductance spectra of the ferromagnet-Ising superconduc-
tor junction. Fig.6(a) and 6(b) show a 2D plot of the
linear conductance G versus the on-site energy EL and
ER. In Fig.6(a) wherem is along the out-of-plane direc-
tion (θ = 0), the linear conductance can reach 0.4 when
EL > |m| = 30 with the polarization P ≈ 0, but rapidly
reduces to zero at the completely spin-polarized region
(EL < |m|) due to the complete suppression of the An-
dreev reflection [also see Fig.6(c)]. However, when m
is along the in-plane directions (θ = π/2) as illustrated
in Fig.6(b), the spin-triplet Andreev reflection occurs
and the conductance is nonzero even at the completely
spin-polarized region (EL < |m|). For the single-band
Ising superconductor (ER < β˜ ≈ 10), the conductance
G has the value about from 0.05 to 0.1. The conduc-
tance G gradually increases with the increase of ER, and
it reaches the maximum around ER = β˜ (the transition
point of the single-band and double-bands Ising super-
conductors). Then with the further increase of ER, G
gradually reduces again. For clarity, we also present the
truncated intersector curves of G versus EL for various
ER, as shown in Fig.6(c) and (d). When EL > |m| with
the polarization P ≈ 0, the conductances are almost the
same for θ = 0 and π/2. However for EL < |m| with the
completely spin-polarized ferromagnet, the conductance
is zero at θ = 0 due to the suppression of the Andreev
reflection, and it has a considerable value at θ = π/2
because of the occurrence of the spin-triplet Andreev re-
flection. Thus, in order to clearly observe this novel con-
ductance in real experiments, it’s beneficial to choose a
highly spin-polarized ferromagnet lead.
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FIG. 7: (Color online) Polar plot of the linear conductance
G as a function of the magnetization orientation θ, with the
energy ER = 5 in (a) and ER = 15 in (b) corresponding to
the single-band and double-bands Ising superconductors. Dif-
ferent colours indicate different energy EL. Other parameters
are the same as those in Fig.1.
Due to the magnetoanisotropy of the Andreev re-
flection coefficient, the linear conductance shows simi-
lar magnetoanisotropic behaviors, as illustrated in Fig.7.
In Fig.7(a) where single-band Ising superconductivity is
formed, the linear conductance G exhibits a small mag-
netoanisotropy for large EL with the spin polarization
8P ≈ 0 (e.g. see EL = 60). As EL decreases, the con-
ductance G reduces and the magnetoanisotropy becomes
more significant. When EL < |m| with the spin po-
larization P = 1, the conductance G is highly magne-
toanisotropic, where G vanishes at θ = 0 and presents
its maximum at θ = π/2, exhibiting a π-periodic os-
cillatory behavior. On the other hand, in the case of
double-bands Ising superconductivity as demonstrated in
Fig.7(b), the magnetoanisotropy of the conductance is
relatively weaker than that in Fig.7(a) when EL > |m|,
but still reveals similar features at the completely spin-
polarized region with EL < |m|. In this case, the oblique
incident spin-triplet Andreev reflection dominates the
conductance [see Fig.4(d)]. Note that this oscillatory pe-
riod is different from that in conventional tunnel magne-
toresistance (TMR),52–55 where the conductance is max-
imum in the spin parallel state, and drops to minimum in
the spin anti-parallel state. As the magnetization orien-
tation changes, the TMR exhibits a 2π-periodic oscilla-
tory behavior. Here, the conductance in the ferromagnet-
Ising superconductor junction exhibits a π-periodic os-
cillatory behavior, attributing to the spin-orbit coupling
induced spin-triplet Andreev reflection in the interface of
the junction.
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FIG. 8: (Color online) The finite bias conductance spectra
of the ferromagnet-Ising superconductor junction. The en-
ergy ER is 5 in [(a),(b)] and 15 in [(c),(d)] corresponding to
the single-band and double-bands Ising superconductors, re-
spectively. The magnetization orientation θ = 0 in [(a),(c)]
and θ = π/2 in [(b),(d)]. Other parameters are the same as
those in Fig. 1.
Let us study the finite bias conductance of
the ferromagnet-Ising superconductor junction. In
Fig.8[(a),(c)] where m is along the out-of-plane direc-
tion (θ = 0), the conductance exhibits a peak at the
gap edge V = ∆ for EL much larger than |m| (see the
curve of EL = 60). As EL decreases, the in gap con-
ductance G decreases and the peak at V = ∆ gradu-
ally transforms to a dip. Finally when EL < |m| with
the completely spin-polarized ferromagnet, G completely
vanishes at the region of V < ∆ due to the absence of the
ordinary Andreev reflection. However, in Fig.8[(b),(d)]
where m is along the in-plane directions (θ = π/2), the
in gap conductance is dramatically enhanced, especially
at the gap edge. Even for the completely spin-polarized
case (EL < |m|), the conductance still has a consider-
able value in the gap due to the occurrence of the spin-
triplet Andreev reflection. In Fig.8(b) where single-band
Ising superconductivity is formed, the conductance at
V = ∆ pins at G ≈ 0.15. On the other hand, in the case
of double-bands Ising superconductivity in Fig.8(d), the
conductance peak gradually decreases as EL decreases,
but the conductance peak always persists at V = ∆, ir-
respective of the energy EL.
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FIG. 9: (Color online) Polar plot of the linear conductance
G as a function of the magnetization orientation θ. (a) for
different exchange energy with m = 10, 20, 30, and 40 from
outmost to innermost. (b) for different spin-orbit coupling
strength with βs = −0.5, −1, −2, and −3 from innermost to
outmost. The parameters are the same as those in Fig.1
.
Finally, let us investigate the influence of exchange en-
ergy and spin-orbit coupling on the linear conductance
G. From Fig.9(a), we can see that the strong magne-
9toanisotropy with π-periodic behavior can well survive
regardless of the magnetization strength m. G is zero at
θ = 0 and is maximum at θ = π/2. Increasing the mag-
netization strength results in a linearly decrease of the
conductance G, due to the Fermi wavelength mismatch
at two sides. In Fig.9(b), G versus θ for the different
spin-orbit strength βs are shown. The conductance G
still reveals the strong magnetoanisotropy for all βs. In
addition, G can be greatly enhanced by strengthening
the spin-orbit coupling. This is because that the increase
of spin-orbit coupling enlarges the energy interval of the
spin-up and spin-down sub-bands of TMDs [see Fig.1(d)].
So in real experiments, the spin-orbit interaction plays a
important role in detecting this novel spin-triplet An-
dreev reflection.
V. SUMMARY
In conclusion, we theoretically investigate the elec-
tronic transport through a ferromagnet-Ising supercon-
ductor junction. By combing the tight-binding model
with the non-equilibrium Green’s function method, the
expressions of Andreev reflection coefficient and conduc-
tance are obtained. The results show that they reveal
a strong magnetoanisotropy due to the spin-triplet An-
dreev reflection. The magnetoanisotropic period is π in-
stead of 2π in the conventional magnetoanisotropic sys-
tem. For the completely spin-polarized ferromagnet, the
Andreev reflection disappears when the magnetization
direction is perpendicular to the junction plane, but it
has a considerable value when the magnetization direc-
tion is parallel to the junction plane due to the occurrence
of the spin-triplet Andreev reflection. We demonstrate a
significant increase of the spin-triplet Andreev reflection
when the Ising superconductor is in the single-band case.
In addition, the dependence of the Andreev reflection on
the incident energy and incident angle are investigated.
When the incident energy is equal to the superconductor
gap, a complete Andreev reflection can occur regardless
of the Fermi energy (spin polarization) of the ferromag-
net. The spin-triplet Andreev reflection can be strongly
enhanced for the suitable oblique incidence. We also cal-
culate the conductance spectroscopies of both zero bias
and finite bias in detail, and study the influence of gate
voltage, exchange energy, and spin-orbit coupling on the
conductance spectroscopy. A strong magnetoanisotropy
with period π is shown in the conductance spectroscopy
and a large conductance peak always emerges at the su-
perconductor gap for the case of the magnetization di-
rection being parallel to the junction plane. This work
offers a comprehensive and systematic study of the spin-
triplet Andreev reflection, and may be helpful for the de-
tecting of Ising superconductivity in actual experiments,
and has underlying application of π-periodic spin valve
in spintronics.
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